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Abstract

Purpose: To determine whether there is any additional
metal artifact reduction when virtual monochromatic
images (VMI) and metal artifact reduction for orthope-
dic implants (O-MAR) are applied together compared to
their separate application in both phantom and clinical
abdominopelvic CT studies.

Methods: An agar phantom containing a spinal prosthe-
sis was scanned using a dual-layer, energy CT scanner
(IQon, Philips Healthcare), and reconstructed with the
filtered back-projection algorithm without O-MAR
(FBP), filtered back-projection algorithm with O-MAR
(O-MAR), VMIy without O-MAR (VMIy,), and
VMI]40 with O-MAR (VMII4() + O-MAR) Abdomino-
pelvic CT images of 47 patients with metallic prostheses
were also reconstructed in the same manner for clinical
study. Noise measured as the standard deviation of CT
Hounsfield units was compared between the four recon-
struction methods in both phantom and clinical studies.
Improvements in metal artifact reduction, image quality,
and diagnostic improvement were further analyzed in the
clinical study.

Results: Noise was significantly decreased when both
VMI and O-MAR were applied in conjunction compared
to their separate application in both phantom (16.3 HU
vs. 25.0 and 26.4 HU) and clinical studies (15.8 HU vs.
19.2 and 26.2 HU). In the clinical study, the qualitative
degree of artifacts was also significantly reduced with
VMI 4 + O-MAR (2.85 and 2.87) compared to VMI 4
(2.36 and 2.26) or O-MAR (2.13 and 2.04) alone for both
reviewers (P < 0.001) and improvements in image
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quality were observed in all 47 patients, with actual
diagnostic improvements observed in three.
Conclusions: Metal artifacts can be additionally reduced
by applying O-MAR and VMI in conjunction, compared
to their separate application, thereby improving diag-
nostic performance.

Key words: Metal artifact—Dual-energy CT—Virtual
monoenergetic image—Artifact reduction

Metal artifacts are one of the major sources that worsen
the diagnostic quality of CT images not only in the
diagnosis and follow-up of musculoskeletal disorders but
also in abdominal and pelvic diseases. Metal artifacts are
caused by two major sources, beam-hardening and
photon starvation effects [1-4]. The beam-hardening ef-
fect is caused by the polychromatic nature of X-ray
beams used in CT, which means that the mean energy of
the beam is increased as lower energy photons are more
easily absorbed than higher energy photons. This leads to
non-linear X-ray absorption, which in turn can lead to
cupping and streak artifacts [2, 3]. Photon starvation, on
the other hand, occurs when an X-ray beam passes
through a highly attenuated area, where only insufficient
photons reach the detector, producing very noisy pro-
jections. It is also a major source of streak artifacts [2, 4].

Various attempts have been made to reduce such
metal artifacts including the application of iterative
reconstruction algorithms [5-9] and the use of virtual
monochromatic images (VMI) on dual-energy CT [1, 10—
14]. Tterative reconstruction methods utilize an iterative
loop that repeats the process of estimating the projection
error related to high-density objects and correcting this
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image by subtracting the projection error [8, 9]. Metal
artifact reduction for orthopedic implants (O-MAR,
Philips Medical Systems, The Netherlands), one of the
commercially available algorithms using the iterative
reconstruction method, has shown to reduce metal arti-
facts and has shown an improved diagnostic perfor-
mance in its application of abdominal CT [7, 15-17].

VMI is another powerful method that can help reduce
metal artifacts. It is well known that CT images of different
monochromatic X-ray beam energies or VMIs can be syn-
thesized from dual-energy CT scans using either projection-
or image-based methods [11, 13], and that these resultant
synthesized monochromatic images would have no beam-
hardening artifacts theoretically. Indeed, several reports
have already revealed that virtual monochromatic images
with an optimal energy between 95 and 150 keV would have
the potential to reduce these metal artifacts [1, 11, 12].

There have been a few reports comparing VMI and
iterative reconstruction method on reducing metal arti-
facts [18-20]. According to the previous reports, both
VMI and iterative reconstruction method performed well
in metal artifact reduction, but VMI seems to be less
effective than iterative reconstruction method for large
orthopedic implants [18-20]. However, VMI has the
advantage of reducing metal artifacts without generating
new artifacts while the iterative reconstruction method
including O-MAR produces secondary artifacts [18].
Therefore, if VMI is combined with O-MAR, metal
artifact may be further reduced without increasing sec-
ondary artifact compared to O-MAR alone.

At present, however, although VMI and O-MAR can
be applied together using a single commercialized CT
scanner, it is not yet known whether any additional metal
artifact reduction can be obtained when using VMI and
O-MAR together. Therefore, the purpose of this study was
to evaluate whether there is any additional metal artifact
reduction when VMI and O-MAR are applied together as
compared to when they are separately applied in both a
phantom and clinical abdominopelvic CT study.

Materials and methods

The institutional review board of our hospital approved
this clinical abdominopelvic study and the requirement
for informed consent was waived due to the retrospective
nature of this study. None of the investigators in this
study was an employee of or a consultant to the company
that produced the VMI and O-MAR algorithm, and the
authors had complete control of all data and information
included in this study.

Phantom study
Phantom design

An agar phantom simulating the retroperitoneal space
containing a spinal prosthesis was designed according to

a previous study by Jeong et al. [17]. The agar phantom
contained two sets of spinal screws placed obliquely at
45° angles, and two sticks of sausages and two sticks of
rice cakes which simulated the retroperitoneal lymph
nodes and large vessels, respectively (Fig. 1). The phan-
tom was then submerged into a 1:100 solution of dia-
trizoate meglumine (660 mg/mL) and diatrizoate sodium
(100 mg/mL) (Gastrografin, Bracco Diagnostics, Italy)
approximating an attenuation of 100 Hounsfield units
(HU).

CT acquisition

CT examinations were performed using a dual-layer,
dual-energy CT scanner (IQon spectral CT, Philips
Healthcare, Best, The Netherlands). The scanning
parameters were as follows: detector configurations,
64 x 0.625 mm; tube voltage, 120 kVp; tube current,
51 mAs; pitch, 0.797; rotation time: 0.33 s; matrix,
512 x 512; slice thickness, 3 mm; and reconstruction
interval, 2 mm. To evaluate the effect of VMI and
O-MAR in metal artifact reduction, images were recon-
structed using the following four methods: (1) filtered
back-projection algorithm without O-MAR (FBP), (2)
filtered back-projection algorithm with O-MAR (O-
MAR), (3) VMI 4 without O-MAR (VMI4), and (4)
VMl 49 with O-MAR (VM1 49 + O-MAR). An optimal

Fig. 1. Photograph (left) and CT image (right) of an agar
phantom simulating the retroperitoneal space containing a
spinal prosthesis. The phantom contains two sets of spinal
screws (arrows) placed obliquely at 45° angles, two sticks of
sausages (arrowheads) simulating retroperitoneal lymph
nodes, and two sticks of rice cakes stimulating large
vessels such as the aorta (**) and inferior vena cava (*).
The phantom was submerged into a 1:100 solution of
diatrizoate meglumine (660 mg/mL) and diatrizoate sodium
(100 mg/mL) (Gastrografin, Bracco Diagnostics, ltaly) with an
attenuation of approximately 100 Hounsfield units (HU).
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energy of 140 keV was selected to generate VMI as de-
scribed in a previous study [21].

CT image analysis

Noise of the phantom at CT was measured to quantify
the degree of metal artifacts generated by the spinal
screws. Noise was defined as the standard deviation (SD)
of the CT numbers expressed in HU. A radiologist
placed a total of six circular ROIs (three for each set of
spinal screws) in the area in which the image was most
severely affected by the metal artifacts near the screws
(Fig. 2). The mean area of the ROIs was 2.07 cm? (range
1.33-2.53 cm?). ROIs were placed in identical areas in all
four reconstructed images using the copy-and-paste
function of the software. SD of the CT numbers at each
ROI in each reconstructed image was measured as the
marker of noise and were compared between the four
reconstructed images. All ROI measurements were per-
formed using PACS software (Maroview 5.4, Infinitt
Healthcare, Seoul, South Korea).
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Clinical study
Patients

From September 2017 to December 2017, a total of 47
patients (26 men, 21 women; age range 42-87 years;
mean, 67.9 years) with metallic prostheses in the abdo-
minopelvic region underwent abdominopelvic CT scans
using a dual-layer, dual-energy CT scanner (IQon spec-
tral CT, Philips Healthcare, Best, The Netherlands). Of
the 47 patients, 36 had spinal prostheses and 11 had hip
prostheses. Indications for CT were variable, but most
patients (34/47 patients, 72.3%) underwent CT for work-
up or surveillance for malignancies (hepatocellular car-
cinoma in 11 patients, stomach cancer in 9, colorectal
cancer in 7, periampullary cancer in 2, breast cancer in 2,
pancreatic cancer in 1, ovarian cancer in 1, and lym-
phoma in 1). Other indications for CT were surveillance
for chronic hepatitis or liver cirrhosis in four patients,
follow-up for pancreatitis in three, work-up for abdom-
inal pain in two, a pancreatic mass in two, Crohn’s dis-
ease in one, and a perianal mass in one.
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Fig. 2. Examples of image noise measurements in circular ROIs in the phantom CT reconstructed with A FBP, B O-MAR,
C VM40, and D VMI 40 + O-MAR. Standard deviation (SD) of the CT numbers expressed in HU was measured as image noise.
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CT acquisition

CT protocols were variable: single portal venous phase in
10 patients or multiphases with two (n = 3), three
(n = 13), or four (n = 21) phases. However, as all CT
protocols included portal venous phase images, portal
venous phase images were used to analyze the metal
artifacts. 1.5 mL/kg of a 350 mgI/mL iodinated contrast
agent was administered for 30 s. A fixed delay of 6070 s
was used for the portal venous phase. Other scanning
parameters were as follows: detector configurations,
64 x 0.625 mm; tube voltage, 120 kVp; tube current,
71-187 mAs using automatic exposure control; pitch,
0.797; rotation time: 0.33 s; matrix, 512 x 512; slice
thickness, 2 or 3 mm; and reconstruction interval, 2 mm.
To evaluate the effect of VMI and O-MAR in metal
artifact reduction, all CT images in the portal venous
phase were reconstructed in the same manner as that in
the phantom study.

CT image analysis

All CT images were analyzed both qualitatively and
quantitatively. For qualitative analysis of the CT images,
two radiologists (E.K.H. with 3 years of experience and
J.S.B. with 7 years of experience) independently evalu-
ated the CT images. Information regarding the recon-
struction method could not be blinded as CT images
using different reconstruction methods are clearly able to
be discerned by the radiologists. First, the degree of
metal artifacts was graded by the radiologists on a
4-point scale: (1) severe artifacts obscuring abdominal
organs or vessels and non-diagnostic; (2) moderate arti-
facts obscuring abdominal organs or vessels but diag-
nostic; (3) mild artifacts not obscuring abdominal organs
or vessels; and (4) absent. The radiologists also chose the
best image for reading among the four reconstructed
images (FBP, O-MAR, VMI4, and VMl + O-
MAR). Second, the radiologists reported whether or not
any potential diagnostic improvement of the images was
depicted. If there was any potential diagnostic improve-
ment, the type of the improvement was reported as fol-
lows: better depiction of abdominal organs; better skin
delineation; decreased beam-hardening or photon star-
vation artifacts; or a combination of any of the above.
Third, the radiologists reported whether there were
O-MAR-related artifacts in the images reconstructed
with O-MAR. O-MAR-related artifacts were categorized
into the following subtypes: mild but thicker streak
artifacts; abnormal delineation of bone-like structures;
changes in the attenuation of normal tissue; or a com-
bination of any of the above. Finally, the radiologists
determined whether there was any diagnostic benefit
using O-MAR and VMI. If there was any diagnostic
benefit, the details of the diagnostic benefit were re-
ported.

Quantitative analysis of the images was performed in
a similar manner to that of the phantom study. A radi-
ologist placed a total of three circular ROIs in the area in
which the image was most severely affected by the metal
artifacts. ROIs were located within the soft tissue (either
fat or muscle) near the prostheses and particular atten-
tion was paid so as not to include areas of air or bone.
The mean area of the ROIs was 1.90 cm? (range
1.21-3.08 cm?). ROIs were placed in identical areas in all
four reconstructed images using the copy-and-paste
function of the software program. Noise of the images
was measured as the mean SD of the three ROIs and
were compared among the four reconstructed images
(FBP, O-MAR, VMl 4, and VMI 4 + O-MAR).

To evaluate the effect of reduced contrast created by
iodine-based contrast agents in VMI 4, a radiologist
(J.H.P) placed other five circular ROIs in the abdominal
aorta, portal vein, hepatic parenchyma, paraspinal
muscle, and subcutaneous fat on the images. ROIs were
placed in identical areas in all four images using the
copy-and-paste function of the software program. Areas
affected by metal artifact were avoided as much as pos-
sible. Mean HU of each ROI was measured in all four
images, and the difference of HU between hepatic par-
enchyma and back muscle, abdominal aorta, and portal
vein was calculated to evaluate the contrast between less-
enhancing, well-enhancing organs, and vessels. All ROI
measurements were performed using the same PACS
software used in the phantom study.

Statistical analysis

The Friedman test was used to compare the noise of the
images among the four reconstruction methods in the
phantom study and the Wilcoxon signed-rank test was
used to perform a pairwise comparison. In the clinical
study, one-way repeated-measures analysis-of-variance
(ANOVA) was performed to compare the noise and
grade of the metal artifacts of the images among the four
reconstruction methods. The Scheffe test was used as a
post hoc test to perform a pairwise comparison. Paired
t test or the Wilcoxon signed-rank test was used to
compare the contrast enhancement among the four CT
images according to the normality. A two-sided
P < 0.05 was considered to indicate a statistically sig-
nificant difference. All statistical analyses were carried
out using SPSS software version 23 (IBM Corp., Ar-
monk, NY, USA).

Results

Phantom study

Noise defined as the SD of the CT numbers in the four
different reconstruction methods is illustrated in Fig. 3a.
Mean noise expressed as the averaged SD of the six ROIs
were 62.4 + 15.7, 26.4 + 8.5,25.0 &+ 5.8, and 16.3 + 3.7
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Fig. 3. Graph showing the image noise in the phantom CT
(A) and clinical abdominal CT images (B) reconstructed using
four different methods. A In the phantom study, differences in
image noise were statistically significant (P = 0.028), except

HU in the CT images reconstructed with FBP, O-MAR,
VMI4, and VMIy,y + O-MAR, respectively. The
Friedman test showed that there were statistically sig-
nificant differences in image noise among the four
reconstruction methods (P = 0.001). In the pairwise
comparison, noise was demonstrated to be significantly
reduced when VMI 4y or O-MAR was applied compared
to FBP and further reduced when both were applied in
conjunction (all Ps = 0.028). However, the noise was
similar between O-MAR and VMI 4 (P = 0.917).

Clinical study

The results of quantitative analysis are summarized in
Fig. 3b. Mean noise were 34.4 4+ 6.5, 26.2 + 5.6,
19.2 £ 54, and 15.8 £3.8 HU in the CT images
reconstructed with FBP, O-MAR, VMl and
VMI 4 + O-MAR, respectively, and were significantly
different among the four reconstruction methods
(P < 0.001). All pairs also showed statistically signifi-
cant differences at pairwise comparisons (P < 0.025) with
VMI 4 + O-MAR demonstrating the lowest noise.
Qualitative analysis also demonstrated that metal
artifacts were significantly reduced when VMI and
O-MAR were applied in conjunction (P < 0.001). The
mean degree of artifacts graded by the radiologists were
1.04 £+ 0.20, 2.13 + 0.54, 2.36 &+ 0.79, 2.85 + 0.62 for
reviewer 1 and 1.53 £ 0.58, 2.04 £ 0.41, 2.26 £+ 0.61,
2.87 £ 0.40 for reviewer 2 in the CT images recon-
structed with FBP, O-MAR, VMI 49, and VMI 4y + O-
MAR, respectively (Table 1). The degree of metal arti-
facts was significantly different among the four recon-
struction methods (P < 0.001). Pairwise comparisons
showed similar results to that of the phantom study in
that metal artifacts were significantly reduced when VMI
or O-MAR was applied and further reduced when both

O-MAR VMI140 VMI140+0-MAR

between O-MAR and VMly4 (P =0.917). B In the clinical
study, all pairs showed a significant difference in pairwise
comparisons (P < 0.025).

Table 1. Mean degree of artifacts graded by two radiologists in clinical
abdominopelvic CT images reconstructed using four different methods
(n = 47)

Mean degree P value®
of artifacts
vs. FBP Vs. VvS.
0O-MAR VMl 49
Reviewer 1
FBP 1.04 £ 0.20
O-MAR 2.13+0.54 < 0.001
VMI, 4 2.36 + 0.79 < 0.001 0.285
VMI 4 + 2.85 £+ 0.62 < 0.001 < 0.001 0.001
O-MAR
P value® < 0.001
Reviewer 2
FBP 1.53 £ 0.58
O-MAR 2.04 £+ 0.41 < 0.001
VMl 49 2.26 + 0.61 < 0.001 0.255
VMl 4 + 2.87 £ 0.40 < 0.001 < 0.001 < 0.001
O-MAR
P value® < 0.001

FBP, filtered back-projection algorithm; O-MAR, metal artifact
reduction for orthopedic implants; VMI 49, virtual monochromatic
images obtained at 140 keV; VMI 49 + O-MAR, virtual monochro-
matic images obtained at 140 keV with O-MAR

#The Scheffe test was used as a post hoc test to perform pairwise
comparisons

®P values were obtained using the analysis of variance (ANOVA) test

were applied in conjunction (P < 0.001). However, the
degree of metal artifacts between VMI and O-MAR did
not show a significant difference for both reviewers
(P = 0.285 for reviewer 1 and 0.255 for reviewer 2).

In terms of a best image, VMI 49 + O-MAR was
selected as the best image in 31 (66.0%) of 47 patients for
reviewer 1 and 35 (74.5%) of 47 patients for reviewer 2.
Using VMI 4y + O-MAR, image quality improvement
was observed in all 47 patients (Table 2). For reviewer 1,
43 of the 47 patients (91.5%) showed improvement in
more than one category: two categories in 16 patients
and all three categories in 27 patients. For reviewer 2, 43



J. Park et al.: Combined application of virtual monoenergetic high keV images 761

Table 2. Image quality improvement in clinical abdominopelvic CT
images using VMI 4, + O-MAR assessed by two radiologists (n = 47)

Type of improvement Number of patients (%)

Reviewer 1  Reviewer 2
(%) (%)
1. Decreased beam-hardening or photon 4 (8.5) 4 (8.5)
starvation artifacts
2. Better depiction of abdominal organs 0 (0) 0 (0)
3. Better skin delineation 0 (0) 0 (0)
Two categories (1 + 2 or 3) 16 (34.0) 39 (83.0)
All three categories (1 + 2 + 3) 27 (57.4) 4 (8.5)

VMI 4 + O-MAR, virtual monochromatic images obtained at
140 keV with metal artifact reduction for orthopedic implants (O-
MAR)

of the 47 patients (91.5%) also showed improvement in
more than one category: two categories in 39 patients
and all three categories in 4 patients. A representative
example showing the aforementioned image quality
improvement is shown in Fig. 4.

Using VMI4 + O-MAR in conjunction, actual
diagnostic improvements were observed by both
reviewers in three patients, who would otherwise have
had a false-negative diagnosis. Post-operative fluid col-
lection obscured by metal artifacts was clearly depicted
only after VMI 49 and O-MAR were applied together in
one patient, metastatic retroperitoneal lymph nodes from
periampullary cancer were more clearly depicted in an-
other patient, and retroperitoneal lymphadenopathies
due to lymphoma were more clearly depicted in the third
patient. Representative examples are presented in Figs. 5
and 6.

Artifacts related to the O-MAR algorithm occurred
in a total of 38 patients (38/47, 80.9%) by both reviewers.
All of the 38 patients with O-MAR related artifacts had
mild but thicker streak artifacts. In addition, one (for
reviewer 1) or six (for reviewer 2) had abnormal delin-
eation of bone-like structures and one (for reviewer 1) or
eight (for reviewer 2) had changes in the attenuation of
normal tissue. And three (for reviewer 2) had both
abnormal delineation of bone-like structures and chan-
ges in the attenuation of normal tissue. However, none of
these artifacts were observed to affect the diagnostic
performance of the CT images.

Finally, mean HUs of ROIs at the five organs on FBP
and VMI, 4 were summarized in Table 3. Data only for
FBP and VMI 4, were provided because the application
of O-MAR did not affect the HU on the images at all. As
expected, absolute HUs of enhancing organs (abdominal
aorta, portal vein, hepatic parenchyma, and paraspinal
muscle) were significantly decreased (all Ps < 0.001)
when using VMI 4. In addition, the contrast between
less-enhancing, well-enhancing organs, and vessels ex-
pressed by the differences of HU between liver and

paraspinal muscle, abdominal aorta, and portal vein
were significantly reduced (all Ps < 0.001).

Discussion

Image quality can be measured using various parameters
such as spatial resolution, HU accuracy, alignment, or
detectability. However, as image noise is also a key
component of image quality [22], decreased image noise
should be able to result in increased image quality. In this
regard, our study results demonstrated that image noise
was able to be significantly reduced by applying VMI
with high keV (140 keV) or O-MAR compared to that
using FBP alone. When both VMI and O-MAR were
applied in conjunction, image noise was further able to
be decreased as compared to when VMI or O-MAR was
applied alone. Thus, when possible, the use of both VMI
and O-MAR is recommended for maximum metal arti-
fact reduction, particularly in patients whom metal
artifacts significantly deteriorate image quality, leading
to a diagnostic challenge.

Not only noise, but the image quality evaluated by
radiologists was also demonstrated to have significantly
improved by applying either VMI or O-MAR compared
to FBP alone. In addition, similar to the quantitative
results, image quality was further able to be improved
when both VMI and O-MAR were applied in conjunc-
tion. In particular, abdominal organs were more clearly
depicted when both VMI and O-MAR were applied to-
gether, in most cases (40/47, 85%), which may help re-
duce the number of false negatives using images obscured
by artifacts without applying VMI or O-MAR. Indeed,
in our study, three cases demonstrated actual diagnostic
improvement by revealing enlarged lymph nodes and
post-operative complications, which had been obscured
by artifacts without the use of VMI and O-MAR in
conjunction. Therefore, we suggest that diagnostic
improvement can be achieved via a reduction in the
number of false-negative findings, especially in the
retroperitoneum or pelvic cavity, by applying VMI and
O-MAR together in patients with spinal or hip pros-
theses. To the best of our knowledge, this is the first
report to analyze the additional effect of metal artifact
reduction and the resultant potential diagnostic
improvement using O-MAR and VMI in conjunction.

There are a few limitations to using O-MAR and
VMI that we should be aware of. In the iterative loop of
the O-MAR algorithm, there is a segmentation step to
create images only consisting of pixels categorized as
metal so as to identify projections that are contributed
from metal [23]. However, this method can introduce its
own new artifacts related to the algorithm, especially
when reliable segmentation becomes impossible due to
severe metal artifacts [24]. These new artifacts related to
O-MAR are especially more likely to occur when the
metal is located near low-density tissue or air since the
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Fig. 4. A 71-year-old man who underwent spinal fixation at
the lumbar spine. A CT image reconstructed with FBP
shows severe metal artifacts which obscure parts of the
aorta (arrow) and aortocaval space (thin arrow). Skin
contour is also partly obscured by the metal artifacts
(arrowheads). B, C CT images reconstructed with O-MAR
(B) and VMl 40 (C) show decreased metal artifacts with less
obscured aorta (arrow), aortocaval space (thin arrow), and

algorithm was optimized to correct for metal implants
embedded into normal soft tissue [23]. Several clinical
studies have already reported the creation of new arti-
facts related to iterative reconstruction methods, such as
the pseudo-cemented appearance or streaks with
O-MAR [16, 17] as well as other similar metal artifact
reduction algorithms used by other vendors [25-27]. In-
deed, such artifacts related to the O-MAR algorithm
were observed in most of the patients (41/47, 87%) in our
study, however, none of the O-MAR related artifacts
were shown to significantly affect the diagnostic perfor-
mance in our study. Nevertheless, the manufacturer
recommended that clinicians should read the O-MAR
images along with the conventional images without
O-MAR [23]. As for VMI, a high keV (i.e., 140 keV) is
known to reduce the contrast created by iodine-based
contrast agents, which was consistent with our study

skin contour (arrowheads). Nonetheless, residual metal
artifacts can be seen around the spine screws. D CT
image reconstructed with VMl 4 + O-MAR also clearly
depicts the aorta (arrow), aortocaval lymph node (thin
arrow), as well as the skin contour (arrowheads). Note that
the metal artifacts around the spine screws were further
reduced. Therefore, radiologists chose this image as the
best image in terms of metal artifacts.

results. Among the various keVs, the contrast-to-noise
ratio (CNR) of iodine was the highest at 68 keV and
gradually decreased along with increasing keV [28]. This
decrease in the CNR of iodine may lower diagnostic
performance by making it harder to detect and charac-
terize enhancing lesions in the abdominopelvic cavity.
However, this may also be overcome using conventional
images obtained at 120 kVp which would be equivalent
to 77 keV [29]. A cross-referenced review of two images
may be more time-consuming in clinical practice, how-
ever, we believe that it may be acceptable considering the
potential diagnostic improvement that can be obtained
using O-MAR and VMI4 in conjunction, especially in
problematic cases involving severe metal artifacts.
Finally, in our study, we used the CT machine which
was designed specifically for spectral detector-based
imaging. Therefore, upfront decision-making was not
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Fig. 5. Representative case showing actual diagnostic
improvement using metal artifact reduction algorithms. An
87-year-old woman underwent intramedullary pinning in the
femur 2 days ago. A On the CT image reconstructed with
FBP, post-operative fluid collection (arrows) at the left lateral

]

thigh is partially obscured by metal artifacts (thin arrow).
B However, on the CT image reconstructed with VMl 40 + O-
MAR, this fluid collection (arrows) is clearly depicted after a
reduction in metal artifacts.

diagnostic
improvement using metal artifact reduction algorithms. A

Fig. 6. Representative case showing actual

53-year-old woman who underwent pylorus-preserving
pancreaticoduodenectomy due to ampulla of Vater cancer
had a spinal fixation. A On the CT image reconstructed with

Table 3. Mean HU of the organs measured in FBP and VMI 4, images
(n = 47)

FBP VMl 4 P value®
1. Abdominal aorta 180.94 £ 21.72 7392 £ 7.15 < 0.001
2. Portal vein 192.61 £ 22.96 76.45 £ 891 < 0.001
3. Hepatic par- 120.78 £ 12.87 72.74 £ 7.17 < 0.001

enchyma

4. Paraspinal muscle 66.36 £ 7.59 53.58 £ 633 < 0.001
S. Subcutaneous fat —93.76 £ 19.79 —69.71 £ 14.15 < 0.001
1-3 60.16 £+ 21.09 1.18 £ 873 < 0.001
2-3 71.83 £ 20.96 371 £9.80 < 0.001
34 54.42 + 13.02 19.16 £ 8.12 < 0.001

HU, Hounsfield unit; FBP, filtered back-projection algorithm; VMI, 4,
virtual monochromatic images obtained at 140 keV
4P values were obtained using the paired ¢ test

FBP, retroperitoneal lymph nodes are severely obscured by
metal artifacts (thin arrows). B However, on the CT image
reconstructed with VMl 4o + O-MAR, these lymph nodes
(arrows) are clearly demonstrated after a reduction in metal
artifacts.

necessary to obtain spectral information owing to its
ability to handle X-ray photons at the detector level.
After obtaining spectral CT datasets, retrospective on-
demand spectral analysis such as generation of VMI 4
images allows radiologists to further reduce metal arti-
facts without additional radiation exposure. Indeed, the
mean effective radiation dose (7.33 mSv, conversion
coefficient estimated to 0.015) [30] of portal phase CT
was lower than that of a single-energy CT study with a
mean effective radiation dose of 10 (3.5-25) mSv [31].
There are several limitations in our study that should
be mentioned. First, the number of patients included in
our study was relatively small. However, this is the first
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preliminary report describing the feasibility and potential
for the combined use of monoenergetic high keV
(VMI,40) images and the O-MAR. Therefore, we believe
that a small number of patients are sufficient for this
preliminary study and that further studies enrolling a
large study populations are warranted to confirm our
study results. Second, our reviewers performed qualita-
tive analysis without being blinded to the information of
whether O-MAR or VMI was applied, and this may have
resulted in bias in evaluating which images provided the
best image quality. However, blinding would be virtually
impossible for this type of investigation as radiologists
would easily be able to recognize whether O-MAR or
VMI was applied while reviewing the images. Third, as
most of the clinical indications were follow-up imaging
or surveillance in cancer patients, many images were
normal or just similar to the previously taken CT images.
We believe that this may have been the reason why actual
diagnostic improvement was observed in only three pa-
tients. We surmise that if more patients in wards or the
emergency room had been included, more cases of actual
diagnostic improvement may have been observed. Nev-
ertheless, the fact that there were some cases where
additional diagnoses were made possible by applying
O-MAR and VMI in conjunction indicates the potential
clinical usefulness of performing O-MAR and VMI to-
gether.

In conclusion, metal artifacts can be additionally re-
duced by applying O-MAR and VMI in conjunction,
compared to their separate application, thereby
improving diagnostic performance and reducing the
number of false-negative results obscured by metal arti-
facts.
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